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Evaluation  of  a  Hadamard-coded  photodiode-array 
spectrometer  under  low  illumination 
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Introduction 

The  application  of  Hadamard  transform  techniques 
in  spectroscopy  has  provided  throughput  and/or  mul¬ 
tiplexing  advantages  compa^  with  traditiomd  single¬ 
slit  spectrometers.'-*  V^ile  a  single-slit  spectrom¬ 
eter  can  capture  all  the  spectral  components 
simultaneously  by  the  use  of  a  photodiode  array  in 
the  exit  plane,  the  throughput  of  the  instrument  is 
still  severely  limited  by  the  small  area  of  the  entrance 
aperture. 

Improved  throughput  has  been  obtained  by  applica¬ 
tion  of  large-area,  spatially  encoded  masks  at  the 
entrance  and/ or  exit  planes.  These  m  ultislit  instru¬ 
ments  use  a  single  detector  and  moving  entrance  or 
exit  masks.  Doubly  encoded  designs  with  N  en¬ 
trance  and  N  exit  slits  require  2N  —  1  measurements.* 
More  recently  a  Hadamard-coded  entrance  mask, 
photodiode-array  instrument  has  been  proposed  suid 
demonstrated;  it  has  the  advantage  of  no  moving 
parts.*-®  The  instrument  has  a  theoretical  throu^- 
put  advantage  over  a  traditional  single-.slit  spectrom¬ 
eter  since  ~N/2  open  slits  are  used  to  image  radia¬ 
tion  onto  the  detector  array.  The  design  does  not 
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require  interferometric  tolerances,  and.^ving  no 
raving  parts,  it  is  inherently  more  rugged  than  a 
scanning  system.  Additionally,  the  spMtrometer 
measures  Jl  the  spectral  elements  s™ultane^sly, 
providing  the  capabiUty  of  measuring  randomly  occur- 
ring  pulse  sources. 

Theoretical  Comparison  with  a  Single-Slit  Spectrometer 
Comparison  of  the  Hadamard  design  ^  a  conven¬ 
tion^  single-slit,  photodiode-array  spectrometer  s 
StraSd  in  Fig*^  1.  We  describe  the  smgle-sbt 
spectrometer  to  introduce  notation  that  is  useful 
describing  the  Hadamard  design. 

Single-SW  Photodiode-Array  Spectrometer 
In  the  single-entrance-slit  instrument  the  opti^ 
separator  disperses  the  incoming  radiation  and  forms 
an  image  of  the  entrance  slit  at  the 
locati^of  this  image  is 

length  of  the  incoming  radiation,  ^^^tiple  im^ 
are  formed  by  polychromatic  radiation,  and  the  s{^- 
trum  is  obtained  directly  from  the  output  of  the 
array.  An  estimate  of  the  energy  £(n)  is  given 
directly  by  the  signal  on  the  corresponding  detector 

D(n)  by 

D(n)  =  E(n)  +  e(n),  ID 

where  n  is  an  index  over  the  number  of  spectr^ 
elements  N  and  e(n)  is  the  detector  "“'f 
with  the  nth  detector.  In  this  single-slit  ‘nstniment 
the  energy  of  the  nth  spectral  element  is  estimated  by 

{E(n))  =  Din),  (2) 

and  the  difference  between  the  estimate  and  the 
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Fig.  1 .  Comparison  of  a  conventional  single-slit,  photodiode-array 
spectrometer  and  a  Hadamard  transform  spectrometer  (HTS). 


energy  is 


(£(n))  -  E(n)  =  e{n].  (3) 

We  can  use  Eq.  (3)  to  form  an  expression  for  the 
theoretical  signal-to-noise  ratio  (S/N)  expected  from 
the  single-slit  spectrometer  as 


S/N^^,  =  E(n)/e(n).  (4) 

Hadamard  Transform  Photodiode-Array  Spectrometer 

In  the  Hadamard  design  presented  here,  a  Hadamard 
mask  with  2N  -  1  slits  is  placed  at  the  front  focal 
plane  of  a  spectrometer  and  is  used  as  the  entrance 
aperture  for  the  system.  The  pattern,  or  coding,  of 
the  Hadamard  mask  is  based  on  repeating  the  ^t 
row  of  a  circulant  S  matrix  as  described  by  Harwit 
and  Sloane.^  For  monochromatic  radiation  a  mirror 
image  of  the  mask  is  produced  at  the  back  focal  plane. 
The  position  of  this  image  is  determined  the 
wavelength  of  the  incoming  beam.  For  polychro¬ 
matic  radiation,  multiple  images  are  superimposed  on 
the  detector  array.  A  general  expression  for  the 
detector  output  is  given  by 

JV-l 

Din)  =  e(n)  +  EU  +  l)S[j  +  N  -  (n  -  1)],  (5) 

j-O 

where  j  is  an  index  over  the  N  spectral  elements  and 
S(j)  represents  the  encodement  of  the  2^-1  slit 
positions. 

For  illustration  we  consider  the  case  of  N  =  7.  For 
N  =  7  there  are  13  individual  slits.  We  model  an 
idealized  optical  system  where  a  mirror  image  of  the 
entrance  mask  is  perfectly  reproduced  at  the  exit 
plane.  In  addition,  we  assume  that  the  instrument 
is  linearly  shift  invariant  so  that  a  change  in  wave¬ 
length  of  the  incoming  radiation  by  mb\  will  shift  the 
image  of  the  mask  by  exactly  m  pixels,  where  m  is  an 
integer  from  1  to  N.  We  can  apply  Eq.  (5)  to  this 
idealized  instrument  along  with  the  Hadamard  en¬ 
codement, ^ 


1110  10  0  111010,  (6) 


where  1  represents  a  transmitting  slit  position  and  0 
an  opaque  slit  position,  to  yield  a  specific  set  of 
equations  representing  the  seven  detector  outputs  as 

Z)(l)  =  E{2)  +  E(3)  +  £{4)  E{6)  +  e(l), 

D{2)  =  E(3)  +  E(4)  +  E(5)  +  E(7)  -(-  e(2), 

Z)(3)  =  E(l)  +  £(4)  -I-  £(5)  -(-  £(6)  +  e(3), 

D(4)  =  £(2)  E{5)  +  £(6)  -t  E{7)  -(■  e(4). 

D(5)  =  £(1)  -I-  £(3)  +  £(6)  £(7)  -(-  e(5), 

D(6)  =  £(1)  -t  £(2)  +  £(4)  +  £(7)  -t-  e{6), 

D(7)  =  £(1)  -t  £(2)  -t  £(3)  -t  £(5)  -f  e(7).  (7) 

We  can  express  the  detector  outputs  in  matrix  form 
by 


D,  =  SE,  +  e„,  (8) 


where  S  is  an  S  matrix  of  the  order  of  7  given  by 


S  = 


1110100 
1101001 
1010011 
01001  11 
1001110 
0011101 
0111010 


(9) 


We  can  find  an  estimate  for  the  energy  (E„)  by 


E„  =  S-‘(D,  -  ej,  (10) 

(EJ  =  S->D„.  (11) 

In  this  case  estimating  the  energy  of  the  spectrum 
requires  matrix  multiplication  by  an  inverse  S  matrix. 
The  difference  between  the  estimate  and  the  energy  is 
given  by 


(EJ  -  E„  =  S->  X  e„  «  y/Ne,  (12) 

where  N  is  the  number  of  spectral  elements  and  e  is 
the  average  noise  of  a  single  detector  element.®  We 
can  use  Eq.  (12)  to  form  an  expression  for  the 
theoretical  S/N  expected  from  the  multislit  spectrom¬ 
eter  as 


S/N„„ui,iH  =  [{N/2)  X  E„]/e„.  (13) 

The  factor  of  N/2  is  a  result  of  N/2  open  slits,  which 
image  radiation  onto  the  detector  array.  We  can 
determine  the  theoretical  S/N  improvement  obtained 
with  the  multislit  instrument  by  taking  the  ratio  of 
the  single  slit  and  multislit  S/N’s  from  Eqs.  (4) 
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and  (13); 

{N/2)E 

(S  'N)^^it. ,1,,  ^  sNe 
(S.  ~  E  -  2  ' 

e 

The  above  formulation  assumed  perfect  imaging  of 
the  entrance  mask  onto  the  focal  plane  for  all  wave¬ 
lengths.  However,  optical  aberrations  limit  the  qual¬ 
ity  of  the  image.  The  degree  of  aberration  varies  for 
different  wavelengths,  since  different  wavelengths 
are  imaged  onto  the  detector  array  from  different 
entrance-mask  slit  positions.  In  addition,  we  have 
assumed  a  shift-invariant  system.  Anamorphic  mag¬ 
nification  in  a  real  instrument  causes  deviation  from 
our  theoretical  construction.  When  the  effects  of 
optical  aberration  and  anamorphic  magnification  are 
included  in  the  analysis,  the  energy  distribution  at 
the  detector  su’ray  may  be  given  as 

D„  =  WE„  +  e„,  (15) 

where  W  is  a  matrix  containing  the  actual  weighting 
coefficients  corresponding  to  the  real  instrument.® 

Instrumentation  and  Experimental  Arrangement 

The  instrument  is  shown  in  Fig.  2.  Construction  of 
the  instrument  was  based  on  an  f/2,  300-mm  radius- 
of-curvature,  holographic  grating.  The  entrance 
mask  comprises  501  a^oining  slit  positions,  each  50 
^^m  wide  by  1 .5  mm  high.  The  spatial  encodement  of 
the  entrance  mask  is  based  on  an  Af  =  251  cyclic  S 
matrix  constructed  by  the  quadratic  residue  method.® 
The  detector  array  is  an  EG&G  RL1024SAF  silicon 
photodiode  array,  consisting  of  1024  photodiodes, 
each  25  pm  wide  by  2.5  mm  high.  The  system  has  a 
spectral  range  of  737-953  nm  with  a  theoretical 
resolution  of  0.9  nm.  The  grating  was  designed  on  a 


Fig.  2.  Hadamard  transform  spectrometer. 


Rowland  circle."  The  entrance  mask  was  formed  on 
a  flexible  film  to  allow  for  the  required  curvature 
while  a  curved  focal  plane  was  achieved  by  a  concave 
spherical  fiber-optic  faceplate.  The  integration  time 
of  the  detector  array  was  set  at  180  ms.  Array 
readout  was  implemented  with  a  Keithley  analog-to- 
digital  converter  in  an  IBM  AT  personal  computer. 

The  experimental  arrangement  is  presented  in  Fig. 
3.  A  variable  power  tungsten  lamp  was  filtered  by 
an  806-nm(  13-nm  full  width  at  half-maximum)  inter¬ 
ference  filter  and  used  to  illuminate  a  diffuse  transmit¬ 
ting  screen  in  front  of  the  spectrometer’s  entrance 
mask.  The  size  of  the  illuminated  area  was  con¬ 
trolled  to  match  the  acceptance  angle  of  the  spectrom¬ 
eter. 

Adjacent  diodes  in  the  1024  array  were  summed  to 
form  an  equivalent  512-pixel  array.  A  segment  that 
corresponded  to  a  251 -element  sample  was  selected 
from  the  512  data  points  after  calibration  with  a 
xenon  pen-lamp  line  source.  Further  preprocessing 
consisted  of  subtraction  of  the  detector  dark  voltage, 
which  we  obtained  the  dark  voltage  by  blocking  the 
entrance  mask  and  taking  a  detector-output  voltage 
file.  The  data  were  then  multiplied  by  an  inverse  S 
matrix  to  decode  the  Hadamard-encoded  spectral 
information. 

We  used  a  xenon  pen  lamp  for  absolute  wavelength 
calibration  and  also  to  determine  the  spectral  resolu¬ 
tion.  The  pen  lamp  was  constructed  from  6-mm- 
diameter  quartz  tubing  and  is  50  mm  in  length. 
This  shape  permitted  us  to  locate  the  lamp  directly  in 
front  of  the  entrance  mask  in  a  horizontal  orienta¬ 
tion,  providing  relatively  uniform  illumination  across 
the  entrance  mask.  We  ensured  the  use  of  all  the 
instrument’s  acceptance  angle  by  inserting  a  diffuser 
between  the  lamp  and  the  entrance  mask. 

Data  and  Analysis 

Xenon  Pen-Lamp  Source 

Spectra  obtained  from  the  xenon  pen  lamp  in  single¬ 
slit  and  multislit  configurations  are  presented  in  Figs. 
4  and  5.  Analysis  of  the  prominent  line  at  883  nm 
yields  a  spectral  linewidth  of  2.5  nm.  The  single-slit 
spectra  yield  a  linewidth  of  2.4  nm  for  the  same  line; 


Enr»ic» 


Fig.  3.  Experimental  layout  of  the  HTS  with  a  narrow-bandpass 
filtered  source. 
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Fig.  4.  Xenon  pen-Ian\p  spectra  obtained  with  a  100-p.in  single¬ 
slit  spectrometer. 


however,  this  spectral  width  was  obtained  with  a 
100-p.m  slit  width,  as  opposed  to  the  SO-ttm  slit 
widths  used  in  the  multislit  mask.  This  apparent 
loss  of  resolution  with  the  multislit  mask  may  be 
attributed  to  the  optical  aberration  of  the  imaging 
properties  of  the  concave  holographic  grating.  The 
instrument  requires  imaging  of  a  25-mm  object  with 
uniform  dispersion,  magnification,  and  blur  size. 
Any  deviation  from  perfect  optical  performance  re¬ 
sults  in  a  reconstruct^  spectra  with  noise-broadened 
spectral  features. 

Narrow-Bandpass  Filter  Source 

The  data  taken  with  the  narrow-bandpass  filtered 
source  yielded  detector  outputs  as  displayed  in  Fig.  6. 
This  detector  output,  or  encodegram,  is  a  result  of  the 
superimposition  of  many  images  of  the  Hadamard- 
encoded  entrance  mask  at  the  focsd  plane.  A  num¬ 
ber  of  reconstructed  spectra  obtained  with  different 
illumination  levels  are  presented  in  Fig.  7.  The 
spectral  features  away  from  the  peak  centered  at  806 


Fig.  5.  Xenon  pen-lamp  spectra  reconstructed  from  the  HTS. 


Fig.  6.  Typical  detector  output  encodegrams  for  the  narrow- 
bandpass  filter  source  at  two  different  source  strengths.  The 
mean  value  of  each  encodegram  has  been  removed  for  display. 


nm  are  ghosts.  The  single-slit  (100-p.m)  spectra 
were  obtained  directly  from  the  detector  output  after 
the  multislit  entrance  mask  was  replaced  with  a 
sin^e-slit  entrance  mask.  The  single-slit  spectra 
obtained  with  the  same  three  illumination  levels  are 
presented  in  Fig.  8. 

Noise  Sources 

A  comparison  of  the  single-slit  and  multislit  spectra 
shows  that  the  spectral  noise  in  the  two  instruments 
has  quite  different  characteristics.  The  single-slit 
spectra  have  a  noise  distribution  that  appears  to  be 
relatively  constant  as  the  source  strength  is  increased. 
However,  the  noise  in  the  multislit  spectra  increases 
with  the  source  strength.  This  observation  is  quan¬ 
tified  in  Fig.  9  where  the  100-p.m,  single-slit  and 
50-p.m,  Hadamard-encoded  multislit  instruments  are 
used  to  obtain  a  number  of  different  S/N’s  versus 
source  strength.  The  source  strength  was  measured 


Fig.  7.  Reconstructed  spectra  obtained  from  the  HTS  with  three 
different  source  strengths. 
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Fig.  8.  Single-slit  spectra  obtained  with  the  same  three  source 
strengths  as  in  Fig.  7. 


with  a  silicon  photodiode  on  a  relocatable  stage.  The 
single-slit  S/N  increases  linearly  with  source  strength 
for  the  full  range  of  source  levels  examined.  The 
multislit  spectra  S/N  increases  with  source  strength 
at  a  faster  rate  than  the  single-slit  spectra  but  then 
levels  off  at  a  S/N  of  ~  18.  The  single-slit  spectra 
S/N  improves  linearly,  since  the  main  source  of  noise 
is  detector  noise,  which  is  relatively  constant.  The 
dark  voltage  of  the  detector  array  was  obtained  and 
removed  from  each  detector  output  file.  However, 
the  dark  voltage  was  found  to  fluctuate  with  time. 
It  is  this  dark-voltage  fluctuation  that  represents  the 
main  source  of  noise  in  the  single-slit  detector  instru¬ 
ment. 

Under  low  illumination  levels  this  dark-voltage 
fluctuation  is  the  dominant  source  of  noise  for  the 
multislit  instrument,  and  accordingly  the  multislit 
instrument  S/N  increases  as  the  source  strength 


Fig.  9.  Comparison  of  the  S/N's  obtained  in  (a)  multislit  and  ibi 
single-slit  configurations  as  a  function  of  source  irradiance.  A 
third  S./N  is  constructed  from  the  multislit  peak  signal  and  a 
detector  dark-voltage  term  (c)  as  described  in  the  text.  This  third 
S/N  (cl  simulates  the  performance  of  a  HTS,  which  is  S/N  limited 
by  detector  dark- voltage  temporal  variation. 


increases  and  overcomes  the  dark-voltage  variation. 
In  source  strength  regions  above  70  pW  m-  another 
noise  mechanism  begins  to  dominate  and  limits  the 
HTS  S  N.  The  spectral  noise  begins  to  increase 
proportionally  with  the  peak  signal  strength.  This 
noise  is  attributed  predominately  to  optical  aberra¬ 
tions. 

Systematic  errors  in  the  instrument  can  be  thought 
of  as  encodegram  error.  A  number  of  mechanisms 
exist  that  cause  the  encodegrams  to  deviate  from  the 
idealized  imaging  assumed  in  our  theoretical  analysis. 
The  layout  of  the  instrument  demands  off-axis  imag¬ 
ing  of  the  entrance  mask.  This  imaging  results  in 
nonuniform  blurring  for  different  portions  of  the 
mask,  which  varies  with  wavelength,  since  different 
portions  of  the  entrance  mask  are  used  for  different 
wavelengths.  Anamorphic  magnification  and  stray 
tight  are  other  noise  sources  that  are  correlated  with 
the  encodegram  and  therefore  with  the  wavelength  of 
the  test  source.  Additionally,  some  portion  of  the 
noise  consists  of  anomalous  spectral  lines  or  ghosts.* 
The  strength  of  these  encodegram  errors  increases  as 
the  source  strength  increases.  They  eventually  limit 
the  HTS  application  in  strong-illumination-level  situ¬ 
ations. 

We  determined  the  effect  of  the  detector  dark-noise 
fluctuation  on  the  spectra  by  sampling  tOO  dark- 
voltage  outputs.  One  output  file  has  been  sub¬ 
tracted  from  the  others  to  yield  99  files  that  contain 
information  about  the  detector-array,  dark-voltage 
variation  with  time.  The  average  value  of  the  stan¬ 
dard  deviation  of  each  detector  over  the  99  samples 
was  taken  and  used  along  with  the  peak  value  of  the 
multislit  spectra  to  construct  a  S/N.  This  S/N  is 
plotted  in  Fig.  9(c)  and  emulates  the  multislit  instru¬ 
ment’s  performance  based  on  detector  noise  only. 
Note  that  the  S/N  curve  constructed  has  a  slope  that 
is  similar  to  the  multislit  S/N  in  the  low-source- 
strength  regions. 

In  Fig.  10  we  compare  S/N’s  for  the  same  slit 
Mridths  in  single-slit  and  multislit  configurations. 


Fig.  10.  Comparison  of  the  single-slit  S  N  obtained  with  a  50-pm 
entrance  slit  (cl  and  the  same  S  N  as  calculated  ibl  from  the 
detector  dark-voltage-limited  multislit  S  N  lal. 
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Fig.  11.  S/  N  improvement  obtained  with  the  HTS  compared  with 
the  50-p.m,  single-slil  spectrometer,  the  lOO-jim,  singie-slit  spec¬ 
trometer,  which  has  comparable  resolution,  and  the  theoretical 
limit  of  n‘  ^/2. 


Curve  (a)  is  transferred  from  Fig.  9  and  is  the 
multislit  instrument’s  S/N  based  on  detector  noise 
only.  Curve  (b)  represents  the  calculated  single-slit 
performance  when  curve  (a)  is  divided  by  PP'^/2. 
Curve  (c)  shows  the  actual  test  data  for  a  50-|xm 
single-slit  configuration.  There  is  fairly  good  agree¬ 
ment  between  the  calculated  and  measured  S/N’s  for 
the  single-slit  configuration. 

The  S/N  improvement  can  be  better  quantified  by 
Fig.  11.  Here  we  ratio  the  multislit  S/N  to  the 
single-slit  S/N  for  the  low  illumination  levels  where 
the  multislit  instrument  seems  to  yield  an  improve¬ 
ment  (L^unx  S  70  liW/m^).  The  comparison  with 
the  50-p,m  single  slit  yields  an  improvement  of  ~  4. 14, 
while  the  comparison  with  the  100-p.m  single  slit 
yields  an  improvement  of  2.08,  as  opposed  to  the 
theoretical  factor  of  7.92. 

Conclusion  and  Comments 

The  constructed  HTS  displays  the  capability  of  simul¬ 
taneously  capturing  spatially  encod^  spectral  infor¬ 
mation.  The  encoded  spectrum  of  a  xenon  line 
source  and  a  broader  13-nm  interference  filter  source 
have  been  successfully  reconstructed.  In  conditions 
of  low  illumination  levels  the  multislit  instrument 
displays  a  S/N  improvement  of  a  factor  of  2.08  over  a 
single-slit  instrument  with  the  same  spectral  resolu¬ 
tion. 

Our  analysis  of  the  data  suggests  that  we  may 
improve  the  performance  of  the  breadboard  multislit 
instrument  by  enhancing  the  performance  of  the 
optical  system.  A  more  advanced  optical  design  that 
would  better  image  the  extended  entrance  mask  onto 
the  focal  plane  would  improve  the  multislit  instru¬ 
ment’s  spectral  resolution  and  limit  encodegram  er¬ 
ror,  increasing  the  system’s  upper  S/N  limit.  Har- 
wit  and  Sloane®  have  discussed  the  need  for  excellent 
imaging  over  the  wide  field  of  the  entrance  aperture 
with  a  minimum  of  aberrations.  The  current  optical 
design  does  not  meet  these  important  requirements 


and  would  be  better  replaced  by  a  wide-field  corrected 
Czerny-Turner  configuration.*^  The  multislit  instru¬ 
ment  was  also  examined  with  an  N  =  503,  50-p.m 
slit-width  entrance  mask.  The  performance  of  the 
HTS  in  this  configuration  was  very  limited  since  the 
effects  of  optica]  aberration,  anamorphic  magnifica¬ 
tion,  and  second-order  diffraction  combined  to  de¬ 
grade  the  performance  of  the  multislit  instrument 
severely. 

Note  that  we  attempted  an  alternative  technique  to 
decode  the  spectral  information  from  the  spatially 
encoded  data.  The  spectral  data  presented  here 
were  decoded  by  transformation  of  the  spatially  en¬ 
coded  voltage  outputs  by  a  binary  S  matrix.  The  S 
matrix  consisted  of  ones  and  zeros  exclusively,  assum¬ 
ing  perfect  optical  imaging,  linear  shift  inv2U‘iance, 
and  uniform  detector  and  grating  efficiencies.  We 
attempted  to  replace  the  binary  S  matrix  with  a 
weighted  W  matrix  that  contains  the  actual  weighting 
coefficients  corresponding  to  our  instrument’s  imag¬ 
ing  and  dispersion  properties.  We  constructed  the  W 
matrix  by  obtaining  an  encodegram  at  each  of  the 
instrument’s  251  spectral  elements.  These  251  data 
files  were  obtained  with  a  monochromator  with  a 
xenon  arc  lamp  as  a  calibrated  source  in  an  f/2 
configuration.  Application  of  this  inverse  W  matrix 
has  resulted  in  successful  reconstruction  of  any  of  the 
251  data  files  obtained  in  this  original  data  set; 
however,  application  of  the  W  matrix  to  any  un¬ 
known,  polychromatic  source  results  in  a  spectrum 
that  contains  no  recognizable  spectral  information. 

The  poor  performance  of  the  W-matrix  transforma¬ 
tion  is  attributed  to  the  fact  that  the  HTS  does  not 
possess  the  circulant  properties  that  were  demanded 
in  the  theoretical  model.  The  theoretical  application 
of  the  S  matrix  to  decode  the  spectra  demanded  a 
circulant  matrix  where  each  row  could  be  obtained  by 
any  other  row  after  a  linear  shifting  of  the  elements. 
The  W  matrix  obtained  comprises  individual  encode- 
grams  that  vary  in  amplitude  by  as  much  as  a  factor 
of  3  because  of  the  differences  in  grating  efficiency 
and  detector  responsitivity.  In  addition,  the  spatial 
variation  of  each  encodegram  is  different  because  of 
the  nonuniform  dispersion  and  blurring  of  each  of  the 
different  slit  positions.  Furthermore,  our  film  mask 
is  neither  perfectly  opaque  nor  perfectly  transmit¬ 
ting,  and  random  noise  is  also  present  from  detector 
dark-current  variation  and  optical  cross  talk.  Simu¬ 
lation  of  an  N  =  7,  Hadamard-encoded  system  has 
shown  that  as  the  W  matrix  departs  from  the  circu¬ 
lant  properties  present  in  the  S  matrix  the  quality  of 
the  spectral  reconstruction  degrades.  We  believe 
that  the  variation  of  the  different  encodegrams  used 
to  make  up  this  instrument’s  W  matrix  is  significant 
enough  to  make  reconstruction  of  the  spectral  infor¬ 
mation  impossible.  Application  of  the  W-matrix  tech¬ 
nique  requires  an  instrument  with  similar  spectral 
responsivities  and  a  more  uniform  point-spread  func¬ 
tion  across  the  entrance  mask. 
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